In the past decade ORD has become a powerful tool in characterizing the conformations of proteins and polypeptides and estimating their helical contents. This "overemphasis" on the helical conformation, however, merely points up our lack of knowledge about other structures in a protein molecule. As early as 1957 we knew that the oligomers of y-benzyl-L-glutamate favored the formation of (-aggregates and displayed positive visible rotatory dispersion that resembled neither an a-helix nor a random coil.' The Cotton effects characteristic of the (3-form, however, have escaped detection until now, mainly because in most instances the (-forms can be found only in organic solvents that absorb strongly below 250 m1A. We have studied silk fibroin, which is known to possess the (3-conformation in the solid state and therefore has the potential of retaining it in solution under favorable conditions. We found that the Cotton effects of the (-form of silk fibroin in mixed solvents of water with dioxane or methanol differ markedly from those of the helical and coiled conformations.
In the past decade ORD has become a powerful tool in characterizing the conformations of proteins and polypeptides and estimating their helical contents. This "overemphasis" on the helical conformation, however, merely points up our lack of knowledge about other structures in a protein molecule. As early as 1957 we knew that the oligomers of y-benzyl-L-glutamate favored the formation of (-aggregates and displayed positive visible rotatory dispersion that resembled neither an a-helix nor a random coil.' The Cotton effects characteristic of the (3-form, however, have escaped detection until now, mainly because in most instances the (-forms can be found only in organic solvents that absorb strongly below 250 m1A. We have studied silk fibroin, which is known to possess the (3-conformation in the solid state and therefore has the potential of retaining it in solution under favorable conditions. We found that the Cotton effects of the (-form of silk fibroin in mixed solvents of water with dioxane or methanol differ markedly from those of the helical and coiled conformations.
Experimental.-Bombyx mori L. silk fibroin was dissolved in 9.3 M LiBr at 370C for 2 hr, dialyzed thoroughly against water until an AgNO3 test could detect no trace of bromide ion, and clarified by centrifugation. The stock solution was then mixed with an appropriate amount of dioxane or methanol and its apparent pH adjusted to 7.3.
All ORD was measured with a Cary 60 spectropolarimeter at 270C and the CD with a Jasco ORD/UV-5 with a CD attachment at room temperature, using cells of light paths between 0.05 and 100 mm. The data were expressed as reduced mean residue rotation, [m'], and mean molar ellipticity, [0], which equals 3,300 -Er),2 using a mean residue molecular weight of 78. The infrared spectra of the deuterated solutions and cast films (from aqueous solutions) were Next, we studied the amide I and V bands of the infrared spectra. In dioxane-D20 or CH30D-D20 solutions, silk fibroin shows a 1620-cm-1 as well as a 1650-cm-' band, and its cast films (from aqueous solutions) reveal two bands at 690 and 640 cm-' (Fig. 3) . Both the 690-and 1620-cm-1 bands are characteristic of the 13-form and are absent from silk fibroin in its coiled form (the other two bands in Fig. 3 are identified with the coiled conformation).7, 8 The amide I band near 1690 cm-' also suggests the presence of the 1-form, probably of the antiparallel type. From Figure 3 we conclude that not all the coiled form was converted into 13-form in the mixed solvents. By resolving graphically the amide I band into three (for the two 13 and one coiled bands) and using a method similar to that of Wada et!al.,9 we esti- (1-2%o) used for infrared studies were usually more than 10 times those for the ORD measurements, we made several test runs using the same concentrated solutions for both experiments and found that the ORD remained essentially the same as those shown in Fig. 1 increased when the per cent of methanol was increased from 50 to 93 (Fig. 1) , even though infrared spectra suggest a somewhat higher per cent of 3-form in the more concentrated methanol solution. A similar upward shift is also evident in the CD profile (Fig. 2 ). It is difficult to ascertain whether this is purely a solvent effect, or the result of variation in the 3-forms, or both. It would therefore be premature to take the present numerical values too literally, especially when the discovery of the Cotton effects of the ,3-form will surely be applied to the study of other proteins. The ORD of silk fibroin in the visible region obeys a one-term Drude equation, but can also comply with the Moffitt equation. In the two mixed solvents studied, the bo's of the 3-form were close to zero. In highly aggregated solutions,3 however, the bo did become positive, but usually the Moffitt equation could only be applied in these cases over a narrow wavelength range, say, above 400 mjA, or the plots were no longer linear.
Since the Rs97 has a larger magnitude than the R229 (Table 2 ), the two dichroic bands would thus yield a dextrorotation in the visible region. It is highly suggestive The last term on the right side of equation (1) can be further split into two Drude terms, 1500(177)2/(X2 -1772) = kl/(X2 -X12) + k2(X2 -X22), (2) one representing the third dichroic band (negative) of the 13-form and the other the background rotations. The latter also includes the rotations due to the aromatic Cotton effects near and below 280 m,4, which are too small to be measured accurately and are not shown distinctly in Figures 1 and 2.3 Since the disordered form of silk fibroin is levorotatory and usually has a Xc, [or X2 in equation (2) we encounter the problem of choosing the correct reference values. Poly-L-glutamic acid has been widely used as a model compound, but we have recently shown5 that the coiled form of this polymer contracts in the presence of salt, and its rotations change accordingly. In comparison, the disordered form of silk fibroin has unusually small rotations, even when one takes into consideration that this protein has more than 30 per cent glycine residues. For instance, the 205-mit trough in Figure 1 is only about 1/7 that of coiled poly-L-glutamic acid in water. Hydrodynamic measurements of silk fibroin also suggest a rather compact molecule even in 8 M urea,3 unlike the extended conformation of poly-L-glutamic acid in 8 M urea. (The possibility of a small amount of the 13-form in aqueous solution of silk fibroin cannot be completely ruled out, but its existence seems very unlikely in 8 M urea.) Curve 3 clearly illustrates the partial cancellation of the rotations of the 13-and coiled forms.
For the 233-miA trough and 198-mA peak (or the 229-mn trough and 205-mM peak) we can write (assuming additivity of the optical rotations)
with 2f = 1. In principle, the three conformations can be determined with two simultaneous equations, say, at 233 and 198 m1A. But the reference values for various forms are still very uncertain. In addition, the Cotton effects due to the aromatic groups and disulfide linkages can modify the peak and trough rotations. prevalence of the fl-form.'7 The infrared spectra of 'y-globulin, however, are still inconclusive, but K. Nakamura of this laboratory detects a negative dichroic band at 218 m1A and a positive one near 200 miu, suggesting the presence of the f-form.
By the same criterion, he found that the light chains of 7y-globulin have more f-form than the heavy chains. Bovine serum albumin in 60 per cent n-prol)anol, heated to 100'C for 10 min, was reported to have the fl-conformation;18 we have found that its Cotton effects show a trough near 235 m1A and a peak at 205 mA.
Unlike the a-helix and coiled form, the various fl-forms (intermolecular parallel and antiparallel pleated sheets and intramolecular cross-f) may all have their characteristic Cotton effects. Neither are we certain how the extent of aggregation will affect the ORD and CD of the f-form. The chain lengths of the segments in the case of the cross-fl-form can also become a problem. So far all the experimental evidence seems to suggest one type of Cotton effect for the fl-form; but recent theoretical analysis predicts that the rotational strengths of the parallel and antiparallel fl-forms are opposite in sign and, further, that their magnitudes are smaller than those calculated for the a-helix (R. W. Woody, private communication). In the absence of a detailed theory, we may tentatively identify the negative 218-mA CD band with an n-7r* transition, and the positive 197-miA band with one of the 'X-7r* transitions.
As regards silk fibroin in solution, the "jumping cracker" (or "Chinese cracker") model of Astbury et al.,'9 in which the polypeptide chains are transversely folded with glycine-containing bends, could very likely be partly present, since this protein has a high percentage of glycine and alanine residues. The formation of additional hydrogen bonds between adjacent bends can also explain the aggregation of the silk fibroin molecules, which, however, does not significantly change the Cotton effects of the (3-form.3
While this work was in progress, P. K. Sarkar (on leave from University of California, San Francisco) began to study the 3-form of poly-L-lysine20 in Professor P. Doty's laboratory.2' Similar work was carried out by Davidson et al. 22 The ORD and CD of poly-L-lysine are very similar to those of silk fibroin.
Summary.-Silk fibroin undergoes a coil-to-j transition when dioxane or methanol is added to its aqueous solution. The Cotton effects of the ,8-form show (1) 
